Introduction {#sec1}
============

The human gut is integral to well-being, with interactions between the diet, gut, and the resident microbiota resulting in beneficial or detrimental health effects. Functional gut disorders (FGDs) are characterized by bloating, pain, and stool inconsistency ([@bib1]). Irritable bowel syndrome (IBS) is the most widespread example of an FGD with ∼11% of the population diagnosed worldwide, although there are variations in reported rates between geographical regions, in part as a result of language barriers that affect interpretation and communication of symptoms, and partly owing to the criteria used for diagnoses ([@bib2]). IBS is broadly classified into 3 subtypes: constipation-predominant IBS (IBS-C), diarrhea-predominant IBS (IBS-D), and mixed constipation and diarrhea IBS (IBS-M) ([@bib1]). The mechanisms behind the onset of IBS symptoms remain unknown, and what differentiates a "normal, healthy" gut from a "dysfunctional, unhealthy" gut is difficult to define. Investigation of the gut microbial community and interactions between host and microbial metabolites may advance our understanding of mechanisms that differ between healthy individuals and those with IBS ([@bib3]).

Metabolites are the products of biological pathways and enzymatic processes. Importantly, they can be measured using minimally invasive procedures to reflect the function of a tissue, organ, or system, and assist in distinguishing between disease phenotypes ([@bib3], [@bib4]). Many metabolites are signaling molecules that influence biological functions throughout the body. Alterations to metabolite production in the gut from either host, microbiota, or their interactions may link to FGD symptoms ([@bib5]).

SCFAs, vitamins, bile acids (BAs), lipids, neurotransmitters, and amino acids are metabolites that can be produced or modified by the host or the gut microbiota ([@bib6]). Excess or insufficient production of these metabolites, compared with normal homeostatic amounts, could signal disruptions to pathways important to gut and overall health ([@bib3]). Metabolites produced can be used or further modified by the host or microorganisms, highlighting the complexity of the gut environment and the requirement for comprehensive measurement of these metabolites.

The European Food Safety Authority has recognized IBS as a relevant model of gut comfort and function that shows variation from the norm and applies to the general population ([@bib7]). Because diet and nutrition are popular as interventions for alleviating FGDs, and because people with IBS are motivated to find solutions (including by modifying their food consumption), investigating the responses to dietary changes in this context is a useful approach for understanding mechanisms behind FGDs.

Metabolites Linked to IBS {#sec2}
=========================

BAs {#sec2-1}
---

BA profiles are affected by diet, host characteristics, age and life stages, and the resident microbiota, with recent research showing BA metabolism may be linked to IBS ([@bib8]--[@bib13]). There is evidence for variation in the concentration of primary and secondary BAs in plasma in IBS participants ([@bib12]). Primary BAs are produced in the liver from cholesterol via the enzyme cholesterol 7-α-hydroxylase, to produce 7-α-hydroxy-4-cholesten-3-one (C4), which is then converted into the 2 primary Bas: chenodeoxycholic acid (CDCA) and cholic acid (CA) ([**Figure 1**](#fig1){ref-type="fig"}). These BAs are conjugated to either taurine or glycine, stored in the gallbladder, secreted into the gut lumen after digestion, and then unconjugated from taurine and glycine by bacterial bile salt hydrolase (BSH) enzymes ([@bib13], [@bib14]). Most BAs (95%) are reabsorbed and recycled via the hepatic circulation, which is controlled by fibroblast growth factor 15 (FGF15) and the BA receptor farnesoid X receptor ([@bib15]). Five percent of BAs escape this process and undergo modification by microorganisms with the 7α-dehdroxylase enzyme, resulting in secondary BAs with altered structures that may interact differently with cellular receptors, potentially having impacts on the functionality of metabolites ([@bib13]). It is unknown if BA concentrations fluctuate owing to differences or disruptions in the ileal epithelial transporter, FGF15 molecules, precursor mechanisms in the liver, or microbial modification of the metabolites.

![BA production and processes within the body. BAs are produced in the liver from cholesterol, followed by their storage in the gallbladder. After food intake, BAs are excreted out into the gut lumen, where they act as detergent molecules to aid in the absorption of nutrients. In the large intestine, they are converted to secondary BAs owing to the action of microbes possessing the bile salt hydrolase enzyme. Created with BioRender. BA, bile acid; CA, cholic acid; CDCA, chenodeoxycholic acid; GCA, glyco-cholic acid; GDCA, glyco-chenodeoxycholic acid; TCA, tauro-cholic acid; TDCA, tauro-chenodeoxycholic acid.](nxz302fig1){#fig1}

A meta-analysis of studies reporting on IBS-D symptoms showed that BA malabsorption (BAM) was evident in 16.9--35.3% of the individuals diagnosed with IBS-D ([@bib16]). BAM is linked to diarrhea, where defective BA recycling or overproduction may increase colonic BA concentrations, leading to the onset of laxation ([@bib15], [@bib17], [@bib18]). Conversely, a reduction in BA concentrations in the colonic mucosa may have the opposite effect, causing constipation and slowing colonic transit. In a study by Sadik et al. ([@bib18]), BAM was positively associated with accelerated colonic transit in patients with chronic diarrhea ([@bib18]). However, not all BAs have the same effect on the gut. Unlike CDCA and CA, which are predominantly recycled, the secondary BA lithocholic acid is poorly reabsorbed, instead passing through to the colon for further modification by bacteria and then excretion ([@bib19]). The action of CDCA may be facilitated by activation of intracellular secretory channels, increased mucosal permeability, or decreased fluid and electrolyte absorption ([@bib20]).

Differences in fecal and serum BA concentrations are observed in individuals with IBS-C and IBS-D and may correlate with visceral pain and colonic transit ([@bib17], [@bib21], [@bib22]). In the feces of IBS-D individuals, primary BAs were higher and secondary BAs lower in concentration than in healthy controls, suggesting BAM and the inability of BAs to be modified by the gut microbiota ([@bib23]). Positive correlations were evident between concentrations of C4 and FGF19, stool weight, and total BAs in IBS-D individuals, suggesting an increase of BA production to counteract BAs lost in fecal samples. Interestingly, the relative abundance of the fecal microbiota in IBS-D individuals was characterized by reduced concentrations of *Bifidobacterium* (\<1 log~10~ difference) and *Clostridium leptum* (\>1 log~10~ difference), bacteria possessing BSH enzymes involved in BA transformation ([@bib23]).

David et al. ([@bib24]) investigated how dietary intake over 5 d influenced the gut microbiota and metabolites. In this study, they showed that an animal-based diet, compared with a plant-based diet, increased the abundance of BAs in fecal samples, which they surmised was due to higher amounts of cholesterol (a precursor of BAs) in animal-based diets. Consequently, based on the relation between dietary patterns, BA metabolism, microbial enzymatic activities, host epithelium, hepatic portal circulation, and metabolism, BA fluctuations could provide valuable insight into understanding the mechanisms contributing to the onset and severity of IBS.

SCFAs {#sec2-2}
-----

Carbohydrates that escape digestion in the stomach are passed intact to the small and large intestines where the gut microbiota ferments them into SCFAs ([@bib3], [@bib25], [@bib26]). Acetate, propionate, and butyrate are the primary SCFAs produced in the gut ([@bib27]). Approximately 80--90% of SCFAs produced in the colon are used by the body, with the rest excreted in feces ([@bib26]).

Many bacteria can produce SCFAs, including butyrate. Some of the most common butyrate producers include *Fecalibacterium prausnitzii*,*Roseburia* spp., *Eubacterium rectale*, and *Eubacterium hallii* ([@bib28]--[@bib30]). Butyrate is produced via pathways utilizing lactate, acetate, sugars, and amino acids that may be by-products produced by other bacteria ([@bib29]). Of the 3 pathways producing propionate, the succinate pathway is the most common and performed predominantly by *Bacteroides* spp. and *Veillonella* spp. ([@bib29]). Acetate production pathways are more widespread, produced from a range of fermented carbohydrates and by a range of microbes ([@bib29], [@bib31]). Colonocytes predominantly use butyrate for energy, whereas propionate is utilized by the liver in gluconeogenesis and acetate circulates throughout the body ([@bib31], [@bib32]). Acetate and propionate are linked to the regulation of glucose homeostasis, fatty acid concentrations in the liver, and stimulating energy and appetite regulation, suggesting that relative proportions of specific SCFAs could be more important than total abundance ([@bib31]).

Alterations in microbial composition and butyrate and propionate concentrations are evident in individuals with IBS compared with healthy controls ([@bib33], [@bib34]). Lower butyrate concentrations in IBS could indicate a disrupted energy supply to large intestinal colonocytes with consequences for IBS symptoms ([@bib34]). A different study reported no difference in fecal acetate, propionate, butyrate, and lactate between controls and IBS participants, although total SCFA abundance was lower in the IBS-C subtype than in other subtypes (IBS-D, IBS-M) ([@bib35]). Tana et al. ([@bib33]) showed higher SCFA concentrations in fecal samples of IBS participants along with an increased relative abundance of *Veillonella* and *Lactobacillus*, a consistent observation because *Lactobacillus* prominently produces lactic and acetic acids, whereas *Veillonella* transforms lactic acid to acetic acid and propionic acid ([@bib33]). There was a positive correlation between fecal SCFA concentration and symptom severity, signifying a possible association between metabolite production and gut discomfort ([@bib33]).

The relation between SCFAs and IBS is inconsistent in the literature, because there is evidence for both higher and lower SCFA concentrations in IBS ([@bib5], [@bib36], [@bib37]). A potential explanation for this variation is the functional redundancy of a microbial community where if one species is reduced in abundance, another species may fill the vacated niche, potentially contributing the same metabolites (e.g., SCFAs) to the system. Consequently, understanding the interaction between dietary patterns, SCFA concentration, host functions, and gut microbial activity, including species abundance, could be relevant to successfully elucidating a possible link to IBS ([@bib5], [@bib33]).

Vitamins {#sec2-3}
--------

Perturbations in vitamin concentrations have been linked to IBS ([@bib38]). Vitamins are obtained directly from dietary intake or are biosynthesized in the body. However, sufficient quantities required for the effective functioning of cellular processes may not be met by dietary intake and the host alone ([@bib39], [@bib40]). Some species of the human gut microbiota, for example lactic acid bacteria, can synthesize folate, thiamin, biotin, vitamin K, nicotinic acid, pantothenic acid, pyridoxine, and riboflavin, which may be utilized by the host ([@bib3], [@bib39]--[@bib42]). These vitamins can have essential roles within the body, for example folate, which is vital in DNA replication ([@bib39]). David et al. ([@bib24]) noted subjects consuming animal-based dietary patterns had increased microbes with vitamin-synthesizing genes compared with those on plant-based dietary patterns, highlighting the potential role of diet, microbiota, and metabolome relations.

Vitamin B-6 (pyridoxine) has been linked to inflammatory conditions and, therefore, could be important in IBS ([@bib38], [@bib43]). In a study investigating the dietary intake of 17 individuals with IBS, a low vitamin B-6 concentration correlated to a high IBS symptom score ([@bib38]). Consistent with other B-vitamins, vitamin B-6-producing pathways can be found in species from Actinobacteria, Bacteroidetes, and Proteobacteria phyla, with fewer synthesizing capabilities found in Firmicutes ([@bib40]).

Magnúsdóttir et al. ([@bib44]) investigated the B-vitamin-producing capacity of 256 gut microbial genomes, finding 40--65% encoded for biosynthetic pathways necessary to synthesize 8 key vitamins (biotin, cobalamin, folate, niacin, pantothenate, pyridoxine, riboflavin, and thiamin) ([@bib44]). Riboflavin, an activator of mucosal-associated invariant T cells and essential in cellular metabolism as a precursor to FAD and FMN, had synthesizing genes present in 166 of the 256 annotations ([@bib39], [@bib45]). Niacin synthesis was the second most prevalent pathway, present in 162 gene annotations ([@bib44]). The biosynthesis of riboflavin was found predominantly in Bacteroidetes, Proteobacteria, and Fusobacteria, with low amounts in Firmicutes and no gene pathways in Actinobacteria, in contrast to niacin pathways which were uniformly distributed over the 5 phyla ([@bib44]). Differences in vitamin-synthesizing capability across different taxa raise the potential for vitamin production to vary between healthy individuals and those with IBS ([@bib44]). Interestingly, Firmicutes, often found in high abundance in IBS compared with healthy individuals, was the only phylum analyzed without all 8 vitamin synthesis pathways ([@bib27], [@bib44], [@bib46], [@bib47]). However, mathematical modeling indicated the gut microbiota could only produce 4 of the 8 vitamins in concentrations that could have clinical relevance ([@bib44]). These estimates are based solely on computational modeling and, therefore, investigating the rate and source of both host and microbial vitamin production is required because the presence of vitamin-synthesizing genes does not necessarily correlate to clinical outcomes. In addition, investigating the absorption of host- and microbially produced vitamins using methods such as stable isotope probing is needed. A more in-depth understanding of host and microbial interactions could help to elucidate further roles for vitamins in IBS, and the clinical significance of microbially produced vitamins.

Amino acids {#sec2-4}
-----------

Tryptophan is an essential amino acid obtained from dietary patterns and is an important precursor for serotonin. Therefore, it has been hypothesized that tryptophan may be an important amino acid in IBS, owing to the relative importance of serotonin (5-HT) in FGDs ([@bib48]). However, an examination of plasma tryptophan concentration in IBS individuals showed no difference to healthy controls ([@bib48]). Two competitive pathways, the kynurenine and serotonin pathways, metabolize tryptophan into either the vitamin niacinamide or the neurotransmitters 5-HT/melatonin ([@bib48], [@bib49]). Although tryptophan concentrations may not differ, the balance between the kynurenine pathway and the serotonin pathway may be important because of the different biological functions of the resulting metabolites ([@bib48]--[@bib51]).

Investigation of urinary metabolites between individuals with IBS, ulcerative colitis (UC), and healthy controls found histidine, lysine, glutamine, proline, and glutamic acid concentrations varied between IBS and UC participants, but not from healthy controls ([@bib52]). Ornithine, a metabolite of the urea cycle, was the only amino acid that varied between IBS and healthy controls, with a lower concentration in IBS participants ([@bib52]). However, a dietary analysis was not completed in this study. Glutamine is involved in energy supply to the epithelial cells of the gut and consequently a depletion could be crucial in IBS symptomology. When given as an oral supplement (5 g 3 times/d), glutamine reduced IBS symptom severity in individuals with postinfectious IBS-D ([@bib53]). In general, understanding the possible role of amino acid metabolism in IBS requires further research to investigate their clinical relevance.

Neurotransmitters {#sec2-5}
-----------------

The neurotransmitter 5-HT is produced in the gut and affects neuronal signals in the brain, highlighting its importance in gut--brain responses ([@bib54]). Ninety-five percent of 5-HT is produced by the enterochromaffin cells of the gut epithelium, whereas the other 5% is produced in serotonergic neurons ([@bib54]--[@bib56]). 5-HT in the gut is assumed to activate neurons linked to pain, sensitivity, and reflexes via enterochromaffin and enteroendocrine cells ([@bib57], [@bib58]). The biological activity of 5-HT is terminated by serotonin reuptake transporter (SERT), the recycling mechanism for 5-HT in the body ([@bib54], [@bib58]). An overproduction of 5-HT can lead to overactivation of nerve sensing mechanisms, causing increased hypersensitivity ([@bib55]). It is possible that polymorphisms in SERT may influence IBS, although studies investigating the possible association between 5-HT, the SERT gene, and IBS subtypes have had varying results ([@bib56]). Atkinson et al. ([@bib59]) found a lack of 5-HT uptake was associated with IBS-D symptoms owing to the deletion of a base fragment ([@bib59]), whereas others concluded there was no relation between the SERT polymorphism and IBS ([@bib60], [@bib61]).

In the gut of individuals with IBS, enterochromaffin cell counts and concentrations of 5-HT were higher than in healthy controls ([@bib54]). However, such differences in enterochromaffin cells are not consistently observed in the literature ([@bib62], [@bib63]). Mast cell concentration was increased in the mucosal layer of the IBS group, suggesting activation of the immune system as a causal factor in the pain and discomfort associated with IBS. Supporting this finding, the authors noted the severity of visceral pain and hypersensitivity felt by IBS participants correlated to 5-HT release ([@bib54]).

Dopamine and γ-aminobutyric acid (GABA) are key neurotransmitters which may be implicated in IBS. Dopamine, a neurotransmitter of the catecholamine family, is linked to depression and anxiety ([@bib64]) and has been found at lower concentrations in individuals with IBS than in healthy controls ([@bib52]). In addition, GABA, which exerts important anti-inflammatory effects, was reduced in IBS-D individuals compared with healthy controls ([@bib65]).

Inflammatory molecules {#sec2-6}
----------------------

Cytokines are metabolites linked to inflammatory responses ([@bib66]). TNF-α, a proinflammatory molecule, and the anti-inflammatory cytokines IL-10 and transforming growth factor β~1~ (TGF-β~1~), have potential importance in IBS ([@bib66], [@bib67]). Polymorphisms in the genetic components encoding these cytokines may increase or decrease in concentration, causing disruptions to inflammatory responses ([@bib66]). Gonsalkorale et al. ([@bib66]) found an association between IBS symptoms and reduced IL-10 concentrations compared with healthy controls. Another investigation showed that the concentrations of IL-β~1~, IL-6, and TNF-α were higher in IBS-D participants than in healthy controls ([@bib65]). A meta-analysis of 9 studies showed gender differences in TNF-α and IL-10 blood concentrations in patients with IBS ([@bib56], [@bib68]). However, results from another meta-analysis showed no correlation between TGF-β~1~ and IBS ([@bib69]). In general, the importance and relevance of inflammatory molecules in IBS remain unclear but plausible.

Putative biomarkers of FGDs {#sec2-7}
---------------------------

A biomarker is defined as "a characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacological responses to a therapeutic intervention" ([@bib70]). When considering diagnostic biomarker panels, both specificity and sensitivity are important for application in the clinical setting ([@bib71]). Sensitivity refers to the true positive value where the biomarkers must accurately select for the true positives while ensuring false negatives are not selected ([@bib72]). Conversely, specificity refers to the accurate selection of the true negative value, and no selection of false positives ([@bib72]). Ideally, biomarkers need to be easy to measure and cost-effective in a clinical setting ([@bib8]).

Studies have reported panels of metabolites in different biological matrixes between IBS and non-IBS participants with varying degrees of specificity and sensitivity ([**Table 1**](#tbl1){ref-type="table"}). In most cases, a high sensitivity and specificity is achieved by measuring a range of metabolic markers, and therefore the applicability for an effective and efficient diagnosis, although appropriate for research settings, would be limited in clinical settings. Current biomarker panels fail to address the underlying biochemical mechanisms and pathways that cause IBS, and therefore although diagnosis may be possible, effective treatment options remain elusive. Although biomarker panels are moving toward understanding IBS, there remains scope for significant improvement.

###### 

Biomarker panels for discrimination of IBS[^1^](#tb1fn1){ref-type="table-fn"}

  Biomarkers                                                                                                                                                                                                                                                                                                                                   Sample type        Sample cohort                  Sample size                                                               Sensitivity   Specificity   Reference
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------ ------------------------------ ------------------------------------------------------------------------- ------------- ------------- -------------------------
  IL-1BGrowth related oncogene-αBrain-derived neurotrophic factorAnti-*Saccharomyces cerevisiae* antibodyAntibody against bacterial flagellin (CBir1)Antihuman tissue transglutaminaseTNF-like weak inducer of apoptosisAntineutrophil cytoplasmic antibodyTissue inhibitor of metalloproteinase-1Neutrophil gelatinase-associated lipocalin   Serum              IBS, IBD, celiac disease, HC   IBS, *n* = 876; IBD, *n* = 398; celiac disease, *n* = 57; HC, *n* = 235   50%           88%           Lembo et al. ([@bib73])
  Ten original biomarkers from Lembo et al. ([@bib73]) and24 additional biomarkers: HistaminePGE~2~TryptaseSerotoninSubstance PIL-1IL-10IL-6IL-8TNF-like weak inducer of apoptosis14 gene expression markers (*CBFA2T2, CCDC147, HSD17B11, LDLR, MAP6D1, MICALL1, RAB7L1, RNF26, RRP7A, SUSD4, SH3BGRL3, VIPR1, WEE1, ZNF326*).                Serum              IBS, HC                        IBS, *n* = 168; HC, *n* = 76                                              81%           64%           ([@bib74])
  IL-1BIL-6IL-12p70TNF-like weak inducer of apoptosisChromogranin AHuman β-defensin 2CalprotectinCaproate                                                                                                                                                                                                                                      Fecal and plasma   IBS, HC                        IBS, *n* = 196; HC, *n* = 160                                             88.1%         86.5%         ([@bib71])
  ButaneN-hexaneTetradecanolC~11~H~24~6-Methyloctadecane1,4-CyclohexandieneUnknown volatile organic compoundMethylcyclohexane2-UndeceneN-HeptaneAziridine (ethylenimine)C~17~H~36~Benzyl-oleate6,10-Dimethyl-5,9-undecadien-2-one1-Ethyl-2-methyl-cyclohexane                                                                                  Breath             IBS, HC                        IBS, *n* = 170; HC, *n* = 153                                             89.4%         73.3%         ([@bib75])

HC, healthy control; IBD, inflammatory bowel disease; IBS, irritable bowel syndrome.

Impact of Dietary Intake on IBS {#sec3}
===============================

Between 60% and 89% of individuals with an FGD found that dietary patterns exacerbate their symptoms, resulting in individuals excluding or including certain foods or even whole food groups from or into their diet ([@bib76]--[@bib82]). Caution must be taken in adopting dietary regimens for IBS because they can disrupt how and why specific metabolites are produced. In a study of 36,448 individuals from France (dietary data, Rome III Diagnostic Criteria), 1870 people diagnosed with IBS had different food consumption patterns than healthy controls ([@bib83]). Reduced intake of protein and micronutrients (e.g., vitamins) was characteristic of IBS individuals, attributed to lower intakes of milk, yogurt, and fruit ([@bib83]). The study\'s findings are consistent with previous results where people believed lactose intolerance was a contributing factor to their symptoms ([@bib84], [@bib85]).

Evidence for how the removal of whole food groups can affect microbial composition and successive metabolites has been shown in studies comparing predominantly animal- or plant-based dietary patterns in healthy cohorts. An animal-based diet increased the relative abundance of *Alisipes*,*Bilophila*, and *Bacteroides* and decreased proportions of microbes known to degrade plant compounds (e.g., *Roseburia*,*E. rectale*, and *Ruminococcus bromii*) ([@bib24]). This study concluded a predominantly animal-based dietary intake rapidly altered microbial composition within 1 d, but the population returned to its original composition within 2 d after the withdrawal of the diet ([@bib24]). Alterations to BA and SCFA profiles were observed with both diets ([@bib24]), emphasizing dietary intake has the potential to affect the host and microbial metabolome. In addition, the microbial transcriptome in those consuming a predominantly animal-based compared with a predominantly plant-based dietary pattern showed increased expression of microbial genes involved in key metabolic pathways, for example, vitamin biosynthesis ([@bib24]). A similar study comparing the microbiota of children from Italy and Africa found that Italian children who consumed more protein in their dietary intake had higher concentrations of *Alisipes* and *Bacteroides* ([@bib86], [@bib87]). In contrast, African children consuming more legumes and vegetables had higher counts of *Prevotella* and *Succinivibrio* microbes capable of degrading fiber and polysaccharides ([@bib87]). Fiber intake between the 2 groups of children showed positive correlations to fecal SCFAs, highlighting metabolite production from the lower gut microbiota ([@bib87]).

Microbial production of gases {#sec3-1}
-----------------------------

Hydrogen gas, a product of microbial carbohydrate fermentation, is produced by numerous members of the gut microbiota ([@bib88], [@bib89]). Hydrogen is further used through cross-feeding to produce methane, hydrogen sulfide, and acetate by methanotrophic, sulfate-reducing, and acetogenic bacteria, respectively ([@bib90]). These molecules are produced solely from the gut microbiota and reabsorbed into the body ([@bib88]). An excess of hydrogen gas can cause discomfort for healthy and IBS individuals. Firmicutes are the primary hydrogen producers of the gut ([@bib88]) and are often found in higher quantities in IBS patients with a corresponding decrease in Bacteroidetes, which may explain the common bloating and discomfort symptoms in IBS. This hypothesis is supported by the higher concentrations of breath hydrogen in IBS individuals than in healthy controls ([@bib91], [@bib92]). King et al. ([@bib92]) and Dear et al. ([@bib93]) both noted reducing consumption of foods known to promote hydrogen production decreased symptoms of IBS ([@bib92], [@bib93]). In addition, an increase in methane concentration is linked to a decrease in gut motility that is evident in IBS-C patients ([@bib94]).

Fermentable oligo-di-monosaccharides and polyols {#sec3-2}
------------------------------------------------

Fermentable oligo-di-monosaccharides and polyols (FODMAPs) are low-fermentable oligosaccharides (e.g., wheat, fructo-oligosaccharides), disaccharides (e.g., cheese, lactose), monosaccharides (e.g., honey, fructose), and polyols (e.g., certain fruits, sorbitol) that are assumed to be poorly digested and easily fermented. There is evidence that dietary regimens which exclude or reduce FODMAPs alleviate the pain and distension associated with IBS symptoms ([@bib78], [@bib95]). The association between reduced IBS symptoms and a low dietary FODMAP intake is well defined but primarily based on symptom improvement as the outcome measure, which can be subjective, rather than biochemical or mechanistic alterations ([@bib78], [@bib96]--[@bib99]). Analysis by McIntosh et al. ([@bib100]), where IBS participants were randomly assigned to either a low- or a high-FODMAP dietary intervention and then given a Kristalose^®^ sachet, predominantly used as a lactulose supplement for constipation, used breath tests to measure volatile metabolites of microbial fermentation ([@bib100]). Results showed an increase in hydrogen concentration in the high-FODMAP group compared with the low-FODMAP group from baseline over the 21-d period. In this study, methane concentration showed no variation, suggesting a low-FODMAP diet may not differentially alter microbial gas production ([@bib100]). Both groups had similar baseline urine metabolite profiles, but after dietary intervention, 3 metabolites (histamine, azelaic acid, and p-hydroxybenzoic acid) showed variable differences ([@bib100]). Urinary histamine, an immune response molecule, was higher in concentration (0.0085 µmol/mmol compared with 0.0008 µmol/mmol) in the high- than in the low-FODMAP intervention ([@bib100]), in line with other findings that histamine is linked to hypersensitivity and immune activation ([@bib101], [@bib102]).

Dietary patterns, for example, normal dietary guidelines often given to IBS patients, are different to a low-FODMAP dietary regime because they involve the removal of specific foods, rather than whole food groups. Analysis of a low-FODMAP dietary intake compared with normal dietary guidelines often given to IBS patients for 4 wk showed a similar decrease in symptom severity ([@bib96]). IBS dietary guidelines were focused mainly around the timing of meals, eating regular meals, avoidance of large meals, and reducing the intake of fat, caffeine, cabbage, beans, and onions ([@bib96]). Further investigation into potential side-effects of a FODMAP dietary regime is required, because the removal of key food groups could present unfavorable conditions within the gut ecosystem and to the wider body. FODMAPs are often used as prebiotic supplements ([@bib103]). Consequently, the widespread movement for their removal to reduce the symptoms of FGDs is paradoxical, considering the beneficial effects of prebiotics are mediated by microbial fermentation, yet the adverse effects of FODMAPs are also mediated by microbial fermentation. This is consistent with findings where *Bifidobacteria*, a butyrate-producing bacterium, was reduced after consumption of a 4-wk low-FODMAP diet (concentration 7.4 log~10~ cells/g feces) compared with normal dietary intake (concentration 8.2 log~10~ cells/g feces) ([@bib98], [@bib103]). Furthermore, SCFAs known to benefit the gut environment through a variety of mechanisms are produced from the fermentation of FODMAPs by the gut microbiota ([@bib103], [@bib104]). Although there is evidence to suggest a low-FODMAP diet is warranted in IBS, it is crucial that further studies aim to better understand the impact of FODMAP removal in the dietary pattern of healthy individuals compared with those with IBS.

Probiotics {#sec3-3}
----------

Probiotics or foods with added beneficial bacteria have been investigated extensively for their ability to alleviate IBS symptoms, with the majority based on outcome measures of abdominal pain, bloating, and IBS symptoms ([@bib105]--[@bib108]). Two interventions showed improvement in symptoms after consumption of probiotics, where metabolic or microbial features were also recorded as outcome measures ([@bib109], [@bib110]). IBS-D participants given 100 g probiotic yogurt each day {7 log~10~*Lactobacillus fermentum*\[American Type Culture Collection (ATCC) 14931\] CFU per gram and 7 log~10~*Lactobacillus plantarum* (ATCC 14917) CFU per gram} for 4 wk showed beneficial changes to symptom scores, abdominal pain, and quality of life together with a reduction in fecal calprotectin from baseline ([@bib109]). Fecal calprotectin is a marker of inflammation, prevalent at increased concentrations in inflammatory bowel disease. Yoon et al. ([@bib110]) gave participants either a multistrain probiotic capsule \[*Bifidobacterium bifidum* (KCTC12200BP), *Bifidobacterium lactis* (KCTC11904BP), *Bifidobacterium longum* (KCTC12200BP), *Lactobacillus acidophilus* (KCTC11906BP), *Lactobacillus rhamnosus* (KCTC12202BP), and *Streptococcus thermophilus* (KCTC11870BP); total 5 × 10^9^ viable cells\] or a placebo daily for 4 wk ([@bib110]). Abdominal pain and bloating were both reduced in the probiotic group compared with the placebo group, although there was no difference in stool form or frequency in either group ([@bib110]). Measurement of fecal microbiota showed 3 (*B. lactis*: 6.09 log~10~ cells/g feces to 7.57 log~10~ cells/g feces; *L. rhamnosus*: 2.80 log~10~ cells/g feces to 5.05 log~10~ cells/g feces; and *S. thermophilus*: 4.81 log~10~ cells/g feces to 5.35 log~10~ cells/g feces) probiotic species were increased after the intervention ([@bib110]). These findings show modification and disturbances to the gut microbiome may be instrumental in understanding the underlying mechanisms linked to IBS.

High-fiber foods {#sec3-4}
----------------

There is an increasing awareness that some commonly consumed foods may reduce the symptoms and prevalence of IBS. Prunes, psyllium husk, wholegrain powders, and kiwifruit, which are all characterized by high dietary fiber content, have been investigated for their ability to beneficially alter IBS constipation symptoms ([@bib111]--[@bib115]). The soluble components of dietary fiber, for example fructans and inulin, are utilized by the gut microbiota as energy sources, promoting the growth of some beneficial bacteria, for example, *Lactobacillus* and *Bifidobacteria* ([@bib111], [@bib116], [@bib117]). Insoluble fiber, for example, cellulose, is utilized less by the gut microbiota but is essential because it increases gut transit time by passing through the colon undissolved ([@bib117]). Kiwifruit has a high nutritional value and for many years has been recommended to individuals with IBS-C ([**Figure 2**](#fig2){ref-type="fig"}). The high vitamin C content, actinidin (a unique protease abundant in kiwifruit), and amino acids (glutathione, arginine, and GABA) coupled with a high water-swelling capacity may be responsible for alleviating constipation symptoms ([@bib111]). The effect of Hayward green kiwifruit (*Actinida deliciosa* var.) on individuals with IBS-C showed differences in symptom measures after the intervention ([@bib115]). Consumption of 2 kiwifruit compared with 2 placebo capsules (glucose powder) per day showed decreased colonic transit time and increased weekly defecation in the kiwifruit-consuming participants ([@bib115]). Prunes have also been shown to be effective in decreasing colonic transit and increasing stool consistency to treat chronic constipation ([@bib112]). Forty participants with chronic constipation were given either prunes or psyllium (11 g twice daily) as part of a randomized crossover study ([@bib112]). Both interventions improved complete spontaneous bowel movement compared with baseline, but consumption of prunes decreased colonic transit time compared with psyllium ([@bib112]). Prunes also resulted in softer stool than did psyllium, with both interventions improving straining when trying to pass fecal matter compared with baseline. The improvement in symptoms from these studies highlights the relevance of using dietary interventions to understand better the mechanisms behind FGDs and their use in alleviating prevalence.

![Potential beneficial effects of kiwifruit on healthy digestive progresses and on alleviating symptoms, including constipation, associated with IBS. Created with BioRender. IBS, irritable bowel syndrome.](nxz302fig2){#fig2}

Conclusions {#sec4}
===========

The underlying mechanisms governing the interaction between dietary patterns, the gut microbiota, and the host are still unclear in IBS. New evidence suggests that research and clinical practices should move away from solely relying on symptoms as a diagnostic and results-based tool. Understanding variations and fluctuations in the concentrations of host- or microbial-derived metabolites that can be used to infer processes contributing to the symptoms and severity of IBS will provide important new insights for FGD research.

In this review, we have discussed 2 main themes, the first being critical metabolites linked to IBS, and the second being studies analyzing dietary interventions to reduce the symptoms and severity of IBS. There is increasing literature focused on the clinical aspect (including dietary solutions) of reducing IBS symptoms, but analyses that further investigate the mechanisms behind the success of interventions are less common. The metabolites discussed in this review are a few key metabolic groups potentially important in understanding IBS. A decrease or increase in production of these metabolites could theoretically disrupt metabolic processes throughout the body; however, further investigation is required. Data from the literature suggest that understanding the biochemical pathways and respective metabolic products will help to identify metabolic biomarkers that could be indicative of a "dysfunctional, unhealthy" gut.

There is overwhelming evidence to suggest the microbiome is involved in FGDs, although whether this is causative or correlative needs further investigation. Less research is focused on investigating the microbially produced metabolites, including those that could be utilized by other microbes in cross-feeding reactions or that could affect localized regions of the gut or be distributed throughout the body. Because metabolites are evidence that a process or pathway has occurred, measuring their fluctuation in individuals with FGDs and related interventions will give further insight into how dietary intake is linked to IBS. Specific metabolites, for example, SCFAs, have been extensively researched; however, the possible role of BAs, vitamins, neurotransmitters, and inflammatory molecules deserves more attention in FGDs because they can have metabolic properties that are directly or indirectly linked to symptoms of IBS.

Dietary intake undoubtedly plays a role in the severity of FGDs; however, future research needs to supplement clinical studies that aim to determine the underlying mechanisms. Defining an improvement in, for example, colonic transit time does little in improving our understanding of why some individuals develop FGDs when others do not, and how we can alleviate the prevalence of FGDs worldwide. For advancements to be made, investigations that undertake dietary interventions should be followed by a thorough analysis of the gut microbiota and both host and microbial metabolites. Critically, this will accommodate not just a better understanding of the epidemiology of FGDs but also recommendations for dietary intakes to alleviate symptoms. Dietary guidelines based on studies that lack mechanistic evidence may result in the adoption of dietary regimens that lead to beneficial outcomes, but equally may be detrimental after long-term adherence owing to unintentional impacts on other biological mechanisms.
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